We evaluated factors influencing the development of autumn red coloration in leaves of sugar maple (Acer saccharum Marsh.) by measuring mineral nutrient and carbohydrate concentrations, water content, and phenology of color development of leaves from 16 mature open-grown trees on 12 dates from June through October 1999. Mean foliar nutrient and carbohydrate concentrations and water content were generally within the range published for healthy sugar maple trees. However, foliar nitrogen (N) concentrations were near deficiency values for some trees. The timing and extent of red leaf coloration was consistently correlated with both foliar N concentrations and starch or sugar concentrations, which also varied with N status. Leaves of trees with low foliar N concentrations turned red earlier and more completely than those of trees with high foliar N concentrations. Low-N trees also had higher foliar starch concentrations than high-N trees. During the autumn development of red leaf coloration, foliar starch, glucose and fructose concentrations were positively correlated with red leaf color expression. At peak red expression, the concentrations of glucose, fructose, sucrose and stachyose were all positively correlated with red color expressed as a percent of total leaf area.
Introduction
The biochemistry and physiology of autumn chlorophyll degradation in response to decreasing temperature and photoperiod have been described in detail (Buchanan-Wollaston 1997 , Matile 2000 , Thomas et al. 2001 . However, the physiological significance of autumn leaf coloration through anthocyanin accumulation is not well understood (but see Hoch et al. 2001) .
Anthocyanins are water-soluble pigments derived from flavonoid precursors via the shikimic acid pathway (ChalkerScott 1999) . Anthocyanins accumulate in cell vacuoles (Chalker-Scott 1999) and, in Acer species, accretion is usually specific to the palisade mesophyll (Ishikura 1973) . Although many anthocyanin variants exist, cyanidin 3-glucoside and cyanidin 3-galloylglucoside predominate in sugar maple (Acer saccharum Marsh.) during autumn, comprising 82 and 17% of all anthocyanins, respectively (Ji et al. 1992) .
Many factors, including UV-B radiation (Mendez et al. 1999) , osmotic stress (Kaliamoorthy and Rao 1994) , drought (Balakumar et al. 1993) , low temperature (Krol et al. 1995) , nutrient deficiency (Rajendran et al. 1992) , wounding (Ferreres et al. 1997) , pathogen infection (Dixon et al. 1994) and ozone exposure (Foot et al. 1996) can elicit anthocyanin biosynthesis. Because anthocyanin production has a metabolic cost (requiring additional modification of flavononal precursors), it is generally assumed that it must provide some compensatory benefit (Chalker-Scott 1999) . For example, because anthocyanins are less susceptible to degradation by irradiation than chlorophylls, it has been suggested that photoinduced anthocyanins protect shade-adapted chloroplasts from brief exposure to high solar irradiance (Gould et al. 2000) . This protection may involve both photoprotective and antioxidant activities of anthocyanins (Lee and Gould 2002) . Furthermore, anthocyanins absorb UV-B, thereby limiting damage to photosynthetic systems (Burger and Edwards 1996) ; however, this protection may be limited (Woodall and Stewart 1998) . In addition, anthocyanins are osmotically active, so enhanced expression may increase both cold hardiness and drought resistance through increased osmotic control (Chalker-Scott 1999) .
Recent work on woody species has emphasized the potential value of anthocyanins as a "light screen" that protects the photosynthetic apparatus of senescing leaves and enables prolonged nutrient absorption before abscission (Feild et al. 2001 , Hoch et al. 2001 . However, it is uncertain how existing theories account for the considerable within-species variation in anthocyanin production (Chang et al. 1989 ) and other inconsistencies in red leaf coloration (red expression) among native trees and populations (Matile 2000) .
New information about the causes and physiology of red expression may assist development of models for predicting the timing and quality of autumn leaf coloration. In addition, a detailed understanding of the linkage between stress exposure and anthocyanin production could provide insight into plant stress response systems, and help assess the utility of leaf color analysis as an indicator of stress. In particular, quantitative assessment of red coloration of leaves by remote sensing technologies may facilitate detection of forest stress at the landscape level.
To assess the environmental and physiological factors that influence the timing and extent of autumn red leaf coloration in Vermont sugar maple, we determined mineral nutrient and carbohydrate concentrations, water content, and phenology of color development in leaves of 16 open-grown trees from June through October. Computer image analysis was used to quantify leaf color.
Methods

Plant material and climate data
Sixteen open-grown sugar maple trees at the USDA Forest Service Northeastern Research Station in South Burlington, Vermont, USA (elevation 92 m) were sampled on 12 dates between June and October 1999. Five sun-exposed branches about 50 cm long were randomly collected from the lower half of the southern aspect of each tree on each date. A subset of five leaves with no obvious damage was randomly selected from each branch for use in subsequent analyses.
For each branch, one leaf was retained for water content analysis. The remaining four leaves were used for chemical and color analyses. Five leaf tissue disks (0.5 cm in diameter) were removed from each of the four leaves and preserved in 80% ethanol at -5°C for subsequent carbohydrate analysis. Remaining leaf material was scanned to produce digital images for color analysis. After scanning, leaves were oven-dried (65°C for 96 h) and ground to 0.5-mm particles for nutrient analysis.
Climatic data (including day length and air temperature) were obtained from the National Weather Service in Burlington, VT, located about 3.2 km from the study site.
Carbohydrate analysis
Soluble carbohydrates were measured by methods adapted from Hinesley et al. (1992) . After extraction of the tissue with ethanol, chlorophyll was separated from soluble sugars in the the ethanol supernatant with a Waters C 18 Sep-Pak Plus Cartridge (Millipore, Milford, MA) . A subsample of the filtered supernatant was dried at 37°C in a limited volume insert, reconstituted in 200 µl of 0.1 mM Ca EDTA and filtered through a 0.45-µm syringe filter. Samples were analyzed for glucose, fructose, sucrose, stachyose, raffinose and xylose with a Waters HPLC with a Sugar-Pak column. The column was maintained at 90°C and 0.1 mM Ca EDTA was used as the solvent at a flow rate of 0.6 ml min -1 . Sugar concentrations were quantified with Waters Millennium™ 2000 software and expressed as mg cm -2 leaf area. The pellet from the ethanol extract was gelatinized with 0.2 N KOH, boiled for 30 minutes in a water bath, and neutralized with 1 M acetic acid. The solubilized starch was then hydrolyzed to glucose with amyloglucosidase (#10115, Fluka Chemical, Ronkonkoma, NY) in 0.1 M acetate buffer (pH 4.5), incubated at 55°C for 30 min, and the reaction terminated by boiling for 4 min. The supernatant was centrifuged for 10 min at 1000 g, and starch quantified by assaying for glucose (glucose assay 115-A, Sigma Chemical, St. Louis, MO) as described by Hendrix (1993) (Jones and Case 1990) . Digestions of 0.5 g of tissue were performed in 75-ml reflux tubes in an AD-4020 block digestor (Westco Scientific Instruments, Danbury, CT). Samples were predigested in 5 ml of concentrated nitric acid at room temperature overnight, and then digested for 1 h at 120°C, followed by two incubations in 5 ml of 30% hydrogen peroxide at 120°C for 30 min. Digests were diluted to 75 ml with distilled deionized water and analyzed for a broad spectrum of cations by inductively coupled plasma atomic emission spectroscopy (ICPAES, PlasmaSpec 2.5, Leeman Labs). Peach leaf standards from the National Institute of Standards and Technology (SRM 1547) were also digested and analyzed for comparison. Water content was determined as the difference between fresh and dry mass of one leaf per branch subsample.
Foliar color analysis
Leaf color was measured by digital image analysis. On the day of collection, leaves were scanned at 250 dpi on an Epson Perfection 1200U color scanner (Epson America, Torrance, CA) and saved in tag image file format (TIFF). The scanner was calibrated with system software to ensure that the tone and contrast on the screen matched the original image. All image analyses were conducted with the public domain NIH Image program (developed at the U.S. National Institute of Health and available at http://rsb.info.nih.gov/nih-image/). Necrotic (brown) portions of leaves were graphically removed and omitted from color analysis. Each scanned leaf image was manipulated in NIH Image where it was separated into 2-dimensional images (a black and white image and an 8-bit indexed color image) each comprising three slices (image layers). These 2-dimensional images were "stacked" in order to view all three slices. From the black and white stack, the slice with the greatest contrast between leaf and background was selected for rank filtering, inverted, thresholded and made binary. The color image was converted from RGB (red, green, blue) to HSV (hue, saturation, value) and then stacked to make visible all three of its individual slices. A final leaf image was produced by adding the binary image and the hue slice in image math (an NIH Image subroutine). Using this image and the NIH Image look-up table for RGB color, green (RGB = 000, 255, 118 to 193, 255, 000) , yellow (RGB = 255,090,000 to 199,255,000) and red (RGB = 255,084,000 to 255,000,060) pixels were identified for each leaf and their corresponding areas quantified. Color values were calculated as a percent of total area on a leaf-by-leaf basis. Individual leaf values were then used to calculate branch and tree color means. Through auxiliary analysis we determined that red leaf coloration measured by computer image analysis is highly correlated (r = 0.877, P = 0.001, n = 22) with spectrophotometrically measured anthocyanin concentrations of sugar maple leaves (data not shown). For this assessment, chlorophyll and carotenoid pigments were first extracted in acetone and water, and then anthocyanin concentrations were determined from methanol extracts (Gould et al. 2000) .
Statistical analyses
Dunnett's tests were used to ascertain the first date of significant change in foliar green, yellow and red coloration during the sampling season. Correlation analyses were conducted to examine relationships among environmental, leaf color and leaf constituent values. Seasonal patterns in coloration were assessed on the basis of mean stand leaf color calculated from whole-tree averages. To assess which constituents might be good predictors of the timing of red color development, we tested relationships between the number of days from bud break to initial red color development and concentrations of leaf constituents for each tree on June 30, the only sample date when no red coloration was detected. To evaluate which constituents best predicted the degree of red color expression, we determined correlations between measurements of the peak percent red color and foliar constituent concentrations for trees on each sample date up to and including the day when percent red significantly increased. To provide a finer degree of assessment at peak coloration, correlations between leaf constituents and the percent red of individual branches were calculated for the date with the highest mean red color expression. Seasonal data were transformed when necessary to satisfy the statistical assumption of homogeneity of variance among dates. Transformations used the slope of the linear relationship of date means and standard deviations as a power function (Montgomery 2001) . For all analyses, differences were considered statistically significant if P ≤ 0.05.
Results and discussion
Seasonal changes in leaf color
Mean stand leaf color followed expected seasonal patterns of development, progressing from uniformly green to increasing percentages of red and yellow ( Figure 1 ). However, results of Dunnett's tests indicated that the timing of seasonal change was not uniform among colors. The first significant change in color was an increase in the mean percent red on September 28 (photoperiod = 11.9 h; the preceding week's mean minimum temperature was 7.8°C). A significant reduction in mean percent green and an increase in percent yellow were first detected on October 13 (photoperiod = 11.1 h; the preceding week's mean minimum temperature was 2.8°C). The apparent decline in red during mid-October (Figure 1 ) was a result of early abscission of red leaves relative to yellow leaves.
The two environmental factors most often associated with autumn color change and leaf senescence are decreasing photoperiod and temperature (Addicott 1982, Kozlowski and Pallardy 1997) . We found that day length and mean minimum air temperature were significantly correlated with mean percent color over the sampling period ( Table 1 ), and that curvilinear relationships provided a better fit (higher r and lower P) because abrupt deviations from baseline color intensities occurred. The confounding influence of day length on air temperature (linear correlation r = -0.88, P ≤ 0.01) prevented independent assessment of these factors.
Because sampling was limited to one season, a comprehensive assessment of color phenology was not possible. However, the relative timing of observed color changes highlighted differences in the sensitivity of foliar pigments to low temperatures. The appearance of yellow is dependent on the breakdown of carotenoid-masking chlorophylls (Kozlowski and Pallardy 1997, Matile 2000) . This linkage accounted for the synchronous change in green and yellow (Figure 1 ). The occurrence of this change on the sample date immediately following the first frost (October 6) accords with the known sensitivity of chlorophyll to low temperatures (Kozlowski and Pallardy 1997) . Freezing damages chloroplast membranes (Senser et al. 1975 , Hincha et al. 1993 ) and releases chlorophyll that must be detoxified to prevent uncontrolled photooxidative damage (Matile 2000 , Thomas et al. 2001 . The resulting chlorophyll catabolism involves the oxygenolytic opening of the porphyrin macrocycle, leading to loss of green coloration and photodynamic inactivation of the molecule (Matile 2000) . In contrast to chlorophyll, carotenoids are resistent to autumn degradation (Matile 2000) .
Low temperatures also induce anthocyanin biosynthesis (e.g., Krol et al. 1995 , Oren-Shamir and Levi-Nissim 1997 , Graham 1998 . Consistent with this finding, the majority of red color expression detected in our study occurred after the October 6 frost. However, significant increases in red first occurred 2 weeks before October 6, indicating that cues other than frost must have triggered initial anthocyanin increases.
Although stand-based means are useful for examining overall trends in color expression, they mask substantial tree-totree variability in the timing (number of days between bud break and the first expression of > 5% red + yellow) and degree (maximum percent red) of color development. For example, timing of initial color development for individual trees ranged from August 2 to October 19. The degree of maximum red color also varied greatly among trees, ranging from 1 to 91%. There was a significant negative correlation between the timing and degree of color development (r = -0.71, P = 0.01). In general, the sooner a tree turned color, the more likely it was to express a high proportion of red. The association of reduced leaf longevity with enhanced red coloration is consistent with reports that environmental stress can accelerate senescence (Burke et al. 1992 ) and stimulate anthocyanin biosynthesis (Chalker-Scott 1999) .
Leaf constituents preceding red color development
To better assess the physiological and nutritional precursors of red coloration, we periodically measured leaf nutrient concentrations, carbohydrate concentrations and water content. Mean concentrations and standard errors of these parameters in August, as well as minimum and maximum mean values over all sample dates, are shown in Table 2 . Most constituents either significantly increased or decreased over time (Table 2) . Although August means of foliar nutrients were generally within the range published for healthy sugar maple trees, phosphorus concentrations were high relative to regional means (Burton et al. 1993 , Kolb and McCormick 1993 , Horsley et al. 2000 . Nitrogen was the only nutrient that approached deficiency values. Foliar N concentrations for the 25% of trees with the 328 SCHABERG, VAN DEN BERG, MURAKAMI, SHANE AND DONNELLY TREE PHYSIOLOGY VOLUME 23, 2003 highest concentrations averaged 20.1 g kg -1 during August, well within the range of 16.0 to 23.2 g kg -1 summarized by Kolb and McCormick (1993) for sugar maple trees. In contrast, concentrations for the 25% of trees with the lowest foliar N concentrations averaged only 16.9 g kg -1 , which was significantly different from the mean N concentration of the high-N trees (P < 0.001). This N concentration is near the low limit reported for native maple trees, and is below the concentration reported for low quality maple stands in Vermont (Wilmot et al. 1995) . Importantly, an N concentration of 16.9 g kg -1 is similar to concentrations reported for sugar maple seedlings with N-limited growth (Walters and Reich 1997) , and is below the mean N concentration in maple saplings for which N concentration and diameter at breast height (1.3 m) were negatively correlated (Ouimet and Fortin 1992) . In addition, our trees spanned the range of N concentrations over which a positive linear relationship between foliar N and net photosynthesis has been found in sugar maple trees (P < 0.001, r 2 = 0.60; Ellsworth and Liu 1994) . Among other possible influences, low N concentrations likely limited the photosynthetic capacity of some study trees.
Foliar water contents averaged 51.5% during August and ranged from 49.0 to 58.6% during the sampling period (Table 2). In August, water content values were slightly lower than those published for greenhouse-grown sugar maple seedlings (Agrell et al. 2000) , but were comparable to those reported for other native hardwoods during the growing season (Murakami and Wada 1997) . Mean starch and sucrose concentrations in August are consistent with growing season concentrations reported for sugar maple (Liu et al. 1997) . The total concentration of other sugars was about twice the foliar starch concentration, as found by Burke et al. (1992) .
Nitrogen concentrations were positively correlated with the timing of red coloration, whereas starch concentrations were negatively correlated (Table 3 ). In general, trees with lower foliar N and higher foliar starch concentrations in late June exhibited red coloration earlier than other trees. We also assessed which constituents best predicted the subsequent degree of red color expression. Of the many constituents evaluated, few showed a consistent association with peak red color (Table 4) . Two exceptions to this trend are noteworthy: (1) N concentration was negatively correlated with the percent peak red coloration on seven of the eight dates assessed; and (2) starch concentration was positively correlated with percent peak red coloration on five of the six sample dates immediately preceding red color initiation. Foliar concentrations of glucose, fructose and xylose were correlated with peak red for several dates in August and September ( tions of glucose and fructose with peak red coloration increased just before the first significant development of red coloration. Foliar Mg and P concentrations were positively correlated with red color expression on only one date (August 2). In addition to their close correlation with red color expression, foliar N and starch concentrations were themselves significantly correlated. In accordance with well-established evidence that N deficiency results in enhanced foliar starch accumulation (Marschner 1995) , starch was negatively correlated with N concentrations from the start of sampling through early September (Table 5 ). This association dissipated, and a negative correlation between N and glucose and fructose concentrations emerged as stand-wide red coloration developed. Foliar N was positively correlated with xylose concentration throughout the growing season (Table 5 ). The tendency for low-N trees to produce little xylose (a structural carbohydrate used in cell wall growth and development; Buchanan et al. 2000) is another indication that N limitations affected leaf biochemistry.
Leaf constituents during peak expression of red
The highest overall red color expression was observed on October 13, 1999, when N concentration was negatively correlated with percent red, but starch concentration was not significantly associated (Table 6 ). Instead, concentrations of four sugars (glucose, fructose, sucrose and stachyose) were all positively and highly correlated with percent red. Foliar concentrations of raffinose, Mn and K were negatively correlated with red coloration, but these associations were weak (Table 6).
Possible role of anthocyanins
Among the parameters assessed, N, starch and sugar concentrations were most consistently associated with the timing and degree of red color development, and show the most promise as predictors of red color expression. Further evaluation of these constituents could help elucidate the role(s) that anthocyanins play in senescing leaves.
Recent research has highlighted the potential role of anthocyanins in facilitating protracted nutrient recovery from the leaves of woody plants during leaf senescence. Feild et al. (2001) noted that red-senescing leaves of red-osier dogwood (Cornus stolonifera Michx.) absorbed more light in the bluegreen to orange wavelengths and had higher maximum photosystem II photon yields following high light stress than did yellow senescing leaves. They proposed that, by acting as an optical screen that reduces the light capture of senescing chloroplasts, anthocyanins provide photoprotection during the dismantling of the photosynthetic apparatus, thereby reducing the photooxidative damage and fostering more complete nutrient recovery from senescing leaves (Feild et al. 2001) . Hoch et al. (2001) compared the anthocyanin production capacity of nine woody genera and observed that species at greatest risk of photoinhibition during leaf senescence (e.g., shade-tolerant late successional species and plants native to cold environments) have the highest capacities for anthocyanin production, a pattern consistent with the light screen hypothesis. They proposed that the primary function of autumn anthocyanin production is to protect the photosynthetic apparatus from photooxidative damage, prolong carbon capture, and help supply the energy and osmotic control needed for phloem export of nutrients from senescing leaves (Hoch et al. 2001) . Feild et al. (2001) speculated that the importance of anthocyanin photoprotection may be related to both the ecology and N economy of species. We propose that variations in N nutrition may also help account for differences in anthocyanin expression among trees.
We found that both the timing (Table 3 ) and extent (Table 4 ) of red color development were significantly correlated with foliar N concentration: low-N trees turned red earlier and more completely than high N-trees. Low-N trees also had higher foliar starch concentrations (Table 5 ). In addition to N, carbohydrate concentrations were related to red coloration. During the transition to red color expression, foliar starch concentrations, and then concentrations of glucose and fructose (metabolic precursors of anthocyanins), were positively correlated with red coloration (Table 4) . Furthermore, at peak red color expression (October 13), the concentrations of glucose, fructose, sucrose and stachyose were all positively correlated with percent red (Table 6) .
Nitrogen deficiency leads to an accumulation of foliar starch (Marschner 1995) . For our trees, low N concentration was significantly associated with high starch concentration during the growing season and high glucose and fructose concentrations as autumn approached (Table 5 ). This change could reflect a conversion of starch to sugar over time. Increased carbohydrate concentrations during autumn may indirectly enhance red color expression by providing readily available energy and biochemical building blocks for anthocyanin production (Ishikura 1973) . Elevated sugar concentrations (Tholakalabavi et al. 1997 , Vitrac et al. 2000 and N deficiency (Rajendran et al. 1992, Bongue-Bartelsman and Phillips 1995) have also been implicated as biochemical signals that induce anthocyanin production.
Although our data highlight interesting correlations between red coloration and several important leaf constituents, these relationships do not confirm any causative association among parameters. However, combined with experimental evidence from herbaceous plant studies, our findings are consistent with the hypothesized role of anthocyanins in supporting nutrient recovery during leaf senescence. Within this context, we propose that: (1) variations in foliar N among our study trees contributed to differences in foliar carbohydrate storage; (2) the resulting ranges of foliar N and carbohydrate concentrations created a spectrum of sugar-and N-induced anthocyanin biosynthesis signals that unequally promoted anthocyanin production; and (3) disparities in carbohydrate storage differentially provided the building blocks and energy needed for anthocyanin synthesis. Enhanced protection of leaf photosystems by anthocyanins would be particularly advantageous for low-N trees with diminished photosynthetic capacities. We believe that biochemical connections among N nutrition, carbohydrate relations and anthocyanin biosynthesis help provide an explanation for the greater red coloration of low-N trees in our study. These connections also suggest an explanation for tree-to-tree differences in red color expression within the context of the light screen hypothesis. Interdependencies of N, carbohydrate and anthocyanin biochemistry would favor facultative anthocyanin production that would be preferentially expressed when N availability is limited, photosynthetic capacity is low, and N resorption is most beneficial to the tree. Experimental evidence for the nutritional control of resorption efficiency (percent reduction of a nutrient between green and senesced leaves) has been inconsistent (Aerts 1996) . However, resorption proficiency (control of the minimum nutrient concentration of senesced leaves) appears to be responsive to nutritional cues and may have adaptive significance (Killingbeck 1996) . The ability to alter anthocyanin production and minimize the nutrient concentrations of senesced leaves in response to localized conditions could help trees survive spatial (microsite) and temporal (e.g., drought induced) nutrient limitations.
Nitrogen concentration was the factor best associated with the timing and intensity of red coloration in our study. However, there are many additional elicitors of anthocyanin biosynthesis (e.g., drought or fungal infection), which, under appropriate conditions, may play an important role in triggering red leaf coloration. Considering the many factors that trigger anthocyanin biosynthesis and the broad physiological activity of these pigments, it has been proposed that their chief role may lie in providing a generalized resistance to a spectrum of stress agents (Chalker-Scott 1999) . This resistance may prove beneficial following any stress that reduces leaf longevity because at least one negative consequence of early abscission (elevated nutrient and carbohydrate loss) might be reduced.
Differential expression of anthocyanins among plants within a population or in a single plant over time may represent an integration of spatial and temporal stresses that influence leaf senescence and anthocyanin biosynthesis. Experimental manipulations are needed to test hypothesized links between environmental stress, anthocyanin accumulation, enhanced nutrient recovery during senescence, and possible improvements in adaptive fitness. If a general relationship between anthocyanin biosynthesis and stress is substantiated, red leaf coloration could be useful as an indicator of tree health at a range of scales, including landscape-level assessments by remote sensing. SCHABERG, VAN DEN BERG, MURAKAMI, SHANE AND DONNELLY TREE PHYSIOLOGY VOLUME 23, 2003 
